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Introduction
The intensity modulated radiation therapy (IMRT) allows developing and implementing complex treatment plans. These plans are characterised by the higher conformity of the dose distribution in relation to the clinical intents than threedimensional conformal radiation therapy plans. Nevertheless, dose distributions during the IMRT are less forgiving in terms of treatment uncertainties (1) (2) (3) . Therefore, the geometrical precision of the treatment should be controlled through a variety of tools for patient imaging immediately before the treatment, including kilovoltage cone-beam computed tomography (CBCT) and megavoltage computed tomography (MVCT) (4-10). However, as always, there is an associated cost of increased total time for the treatment, and higher workload.
To evaluate time-consumption of radiation therapy, several workload models have been developed (11) (12) (13) (14) (15) (16) . Many factors which are related to (i) the treatment specificity caused by the methods of dose delivery, (ii) the group of treated patients, (iii) the experience and the number of staff, and (iv) nonoperational time such as the time needed for the maintenance of the treatment machine and the time taken by the procedures of quality assurance, influenced the workload. The more factors are considered, the more sensitive the model becomes, but still these models need to be revised on a regular basis because radiation techniques are constantly evolving. For example, these models do not include new image-guidance procedures based on the MVCT scans or the CBCT scans and were created only for conventional linear accelerators (CLA) based on a C-arm construction of the gantry.
The method of dose delivery to the irradiated volume in the case of helical tomotherapy (HT) (Accuray Inc., Sunnyvale, CA, USA) differs significantly from the volumetric method employed by the CLA (17) (18) (19) . Therefore, the technique treating of patients which is different from the one offered by the CLA needed new investigations to assess workload.
The current status of the data describing workload of the HT in terms of time needed for the execution of the treatment is insufficient. There are few articles describing daily workload of the HT (20) (21) (22) (23) . However, these studies were conducted on small groups of patients and presented data only from one or two years of observations. Additionally, they did not describe any implementation, which would provide a reduction of the overall treatment time or modify the methods of dose delivery. Therefore, these studies should be interpreted as a preliminary result of the usage of the HT based on fixed protocols, which were adopted at the beginning of the institutional implementation of the HT treatment.
Our study presents three years' experience of the HT usage at the Greater Poland Cancer Centre (GPCC) with a special emphasis on the analysis of both the overall treatment time (OTT) and its every component, such as time needed for the positioning, daily MVCT imaging, images registration and dose delivery. The duration of each component was analysed in the light of experience in HT usage (learning curves) and the changes in the plan preparation scheme which were implemented during the period of observation.
Material and Methods
A retrospective analysis was performed on a group of 656 patients treated between May 2009 and May 2012 on the HT at the GPCC. The group included 358 patients with head and neck cancer, 202 patients with prostate cancer, 39 patients with brain tumours and 57 patients with other sites of cancer e.g. gynaecological cancers (17) , abdominal cancers (12), sarcomas (9), medulloblastomas (8) , vertebrae of the spinal cord (7) and mesotheliomas (4) . Table I shows the structure of the patients receiving treatment divided per years and cancer sites. In the prostate group, 36 patients (18% of the prostate group) were treated only for the region which encompassed (i) the prostate and seminal vesicles, or (ii) the prostate alone, or (iii) the tumour bed after radical prostatectomy. 158 patients (78%) received irradiation for the pelvical lymph nodes, followed by irradiation of the prostate and seminal vesicles and then prostate alone. For 8 patients (4%) simultaneous integrated boost technique was used to irradiate lymph nodes, seminal vesicles and prostate. 172 patients (85%) were treated in a supine position and were immobilized by the combifix device (Civco Med. Solutions, Kalona, IA, USA). 30 patients (15%) were treated in a prone position and were immobilised using a belly board immobilization device (Civco Med. Solutions, Kalona, IA, USA) and feet fixations (24, 25) . All patients were asked to empty their bladder and drink 500 ml of water one hour before the scanning procedure on the computed tomography (CT) and try to empty their rectum.
The head and neck group was stratified on the: (i) nasopharyngeal cancer -123 patients (34% of the head and neck group); (ii) oropharyngeal or oral cavity cancer -103 patients (29%); (iii) hypopharyngeal or laryngeal cancer -90 patients (25%); and (iv) other cancer -42 patients (12%). 172 patients (48%) received radiation therapy alone and 186 patients (52%) received radiation therapy with concurrent chemotherapy (26) . The immobilisation method used was the same for all patients, based on a head and shoulder thermoplastic mask with five fixation points, affixed to the carbon fibre base plate (CIVCO Medical Solutions, Kalona, IA, USA) and neck support. The first two fixation points were localised on the shoulder level, the next two points, on the ear level and the last point, on the top of the head (27) .
The neck support and the thermoplastic mask with three fixation points immobilized patients with brain cancer treated in a supine position. The first two fixation points were localised on the ear level and the third point, on the top of the head. The patients with gynaecological or abdominal cancer were immobilized similarly as those with a prostate cancer. For the remaining group of patients, immobilization methods were based on: (i) medulloblastomas -supine position, vacuum moulded bag, knee and feet support and thermoplastic masks for head and neck region; (ii) sarcomas -supine position, vacuum moulded bag and thermoplastic masks; (iii) mesotheliomas -supine position, vacuum mattress and arm support; and (iv) for the irradiation of the vertebrae of the spinal cord -supine position, vacuum moulded bag or thermoplastic masks and knee and feet support (18) .
All treatment plans were prepared on a Hi-Art Tomotherapy planning system (Accuray Inc., Sunnyvale, CA, USA). The dose calculation grid size was 0.312 3 0.312 3 0.2 cm 3 . A typical fraction dose used during the treatment on the HT at the GPCC was 2 Gy (85% of the patients were treated with a fraction dose of 2 Gy). Generally, for 656 patients included in this study, 1401 treatment plans were prepared and delivered by 19636 fractions. The average number of plans per patient was 2 and ranged from 1 to 4, while the average number of fractions per patient was 30 and ranged from 3 to 39. The most frequent planning parameters were: pitch factor 0.287, field width 2.5 cm and modulation factor ranging from 2.6 to 2.8. Figure 1 shows the frequency of the planning parameters that were used for treatment plan preparation.
The modulation factor reflects the binary nature of the MLC installed in the HT machine (28) . This parameter is used during optimization process and is defined as the relation of the maximum leaf opening time to the average leaf opening time, but only the times greater than zero are averaged. For value of one, opening time for all the leaves is the same (29) . The typical values of the modulation factor ranged from 1.7 up to 3.4 (30) (31) (32) (33) . Reducing its value results in shortening the duration of daily treatment. However, this may adversely affect the dose distribution. General analysis of the influence of the modulation factor on the treatment plan quality and execution time for the patients with a head and neck cancer was presented in our previous study (34) .
The HT treatment for each patient was preceded by a daily positioning on the external marks and followed by a daily image guidance procedures based on the MVCT scans. The MVCT scans were performed with a 0.4 cm inter-slice distance and included the gross tumour volume (GTV) or the high-risk clinical target volume (HR CTV) with a 0.8 cm margin in the cranio-caudal (C-C) direction for 603 patients (91.9%) participating in this study. Different inter-slice distances, such as 0.2 cm or 0.6 cm, were used for 41 patients (6.3%) and for 12 patients (1.8%), respectively. Usually, the imaged regions ranged from 4 cm to 8 cm in the C-C direction. The exception were the trial group of 25 patients with oropharyngeal cancer in whom MVCT scans were performed for the whole planning target volume with a 1 cm margin in the C-C direction using 0.2 cm inter-slice distance (27) , and the group of patients with medulloblastoma whose two regions were scanned: the head and neck region included the GTV or HR CTV and the pelvis region to reduce shifts in the C-C direction.
During registration procedures, the MVCT scans were compared to the planning kilovoltage computed tomography (kVCT) to reduce disagreement between actual (in-room) position of the patient and position of the same patient acquired on the diagnostic CT (Siemens Sensation Open, Siemens AG, Erlangen, Germany), and used during the plan preparation. Automatic registration of the MVCT scans to the planning kVCT scans by the mutual information fit software using the "Bone and Tissue" technique, "Fine Resolution", "Translations Only" options resulted in automatic shift values (35, 36) . It was followed by an inspection of the match by radiation therapists with a manual position shift correction. The sums of automatic and manual shifts are the position correction total shifts as applied clinically.
After registration, treatment dose was delivered to the patient during the time defined by the treatment plan conditions. Treatment procedure was always performed and controlled by three radiation therapists, two of whom were responsible for the positioning and registration and one administered the whole process e.g. by calling the patient, loading an appropriate plan to the operating system and starting the scanning and treatment procedures.
To evaluate the implications on daily workload and scheduling of patients, stepwise regression and time analysis for each component of the overall treatment time (OTT), such as positioning, imaging, registration, and irradiation were performed (37) . The times connected to each OTT component were extracted from the archived patient data by the in-house software (38) . The detailed analysis included: (1) learning curves and optimized time needed for positioning and registration; (2) relation between irradiation time and parameters used for plan creation; (3) average time of daily imaging.
The positioning was defined as time required for the patient's set-up according to the alignment of the lasers with the external marks and it was calculated from the point of the patient's data loading to the operating system to the start of the scanning procedure. The imaging was registered from the moment of switching the button on the console to image until the registration time started. The registration lasted from the approval of the MVCT scans through the registration process to apply the results of registration to the couch position while the irradiation was defined as the time when the therapeutic dose was delivered to the treated region. If temporal breaks were observed for the dose delivery during imaging or treatment, which did not require the intervention of the service and the procedures were continued after approvals, the times registered for these procedures included also timeouts.
In cases when the OTT required the preparation of the MVCT scans for more than one region (e.g. medulloblastoma), the times of the imaging and registration were analysed as the sum of the times consumed for imaging and registration of all the regions.
The time needed for the maintenance of the treatment machine and the times for the procedures of the quality assurance were not included in this study.
Results
Stepwise regression showed that the radiation delivery component has the highest influence on the overall treatment time (R 5 0.911). Strong influence was observed also for the registration and positioning (R 5 0.905 and R 5 0.839, respectively). The lowest influence was observed for the imaging (R 5 0.670). Figure 2 shows the history of the times needed for each OTT component during the analysed period from May 2009 to May 2012.
The learning curve for a positioning procedure was 7 months. After the first seven months, the average daily time was stabilized in the range from 2 to 3 minutes. The reduction of the average daily time needed for registration was observed even after two years. For example, the registration time checked in September for three consecutive years 2009, 2010, and 2011 was 3 minutes, 2.5 minutes, and 2 minutes, respectively. The average daily imaging time was the most stable of the analysed components and ranged from 2.5 to 3.2 minutes. The irradiation time strongly depended on the planning parameters. Changing the pitch from 0.215 to 0.287 for pelvic cancer cases decreased the average daily beam-on time by about 2 minutes. Similar changes for the head and neck reduced this time by 1.3 minutes. The limitation of the usage of 1 cm field width only for complicated cases, where targets were smaller than 10 cm in the superior-inferior direction, reduced the beam-on time by 2 minutes. The average overall treatment time decreased from 21.5 minutes in the first year of HT usage to 13.8 minutes in the current practice.
Discussion
The GPCC is a one of the biggest oncological centers in Poland and offers a large range of services for the cancer patients. Radiation therapy could be delivered using six CLAs, based on a C-arm construction of the gantry and the two non-conventional machines that are HT and CyberKnife (Accuray Inc., Sunnyvale, CA, USA). The line of the CLAs is based on the Varian Medical Systems, Palo Alto, CA, USA products. Three-dimensional radiation therapy as well as IMRT is possible on each of the CLAs. On the two of them full image guidance procedures (On-Board Imager, Varian Medical Systems, Palo Alto, USA) and VMAT (RapidArc technology, Varian Medical Systems, Palo Alto, USA) are available. One of the CLAs is integrated with micro multi leaf collimator (Brainlab AG, Feldkirchen, Germany) to enable radiosurgery treatment in a classical way, different than the CyberKnife solutions. Generally, 4900 patients are treated with radiation therapy per year and almost 60% of them receive the treatment based on advanced techniques of the radiation therapy such as IMRT, VMAT, HT or CyberKnife.
The HT is one of the most precise methods of radiation therapy implemented at the GPCC that enables the execution of highly conformal treatment plans for complex treatment cases. From the beginning, the HT was dedicated to patients for whom dose distribution obtained from treatment plans prepared for the CLA were unacceptable or significantly worse than dose distributions delivered by the HT. Thus, all the advanced treatment cases such as mesotheliomas, medulloblastomas, sarcomas, large abdominal tumour cases or cases with hip endoprosthesis were moved to the HT as a primary machine. However, those cases are only a small part of the overall group of patients treated at the GPCC.
Many authors indicate that HT is beneficial in the treatment of breast and lung cancers (39) (40) (41) (42) (43) (44) (45) . However, our HT system enables irradiation only in the helical mode (TomoTherapy Hi-Art) and differs from the newest version where both helical and directional irradiations are possible (TomoTherapy HD). Moreover, we do not have any system of respiratory control on the HT and up to 2012 four-dimensional computed tomography (4-D CT) was not possible in our institution. Taking into account the technical deficiencies, we decided that the CLAs would remain the primary machines for these groups of patients.
In the case of brain tumours, techniques available on the CLAs, such as non-coplanar intensity modulated radiation therapy, volumetric modulated arc therapy (VMAT) or stereotactic treatment by micro multileaf collimator, provide highly conformal dose distributions comparable to dose distributions obtained on the HT (46-50). Therefore, the HT treatment was used as an equivalent option for this group of patients.
Many studies present relevant benefits of the HT usage in the treatment of head and neck cancer (32, (51) (52) (53) (54) and cancers localized in the pelvic area (55) (56) (57) (58) (59) . Based on the institutional consensus, we decided to include these patients in the HT treatment. These were the most numerous groups of patients treated on the HT during the analysed period (Table I) prostate cancer patients was observed (Table I) . It should be noted that the structure of these groups has changed. As shown in Figure 3 , from 2009 to 2012 the numbers of patients treated for locally advanced prostate cancers or prostate bed steadily decreased and the group with highrisk prostate cancers with pelvic lymph nodes irradiation increased. A similar observation was confirmed for the patients with head and neck cancers where an increase in the number of patients treated with chemoradiation and a decrease in the number of patients treated with radiation therapy alone was observed.
These changes were dictated by the general idea of using the HT for advanced and complex treatment cases and were additionally stimulated by the implementation of the VMAT on one of our CLAs. As a result, simpler cases were moved to the treatment on the VMAT.
As noted earlier, the learning curve for the positioning procedure was shorter than for the registration (7 months and 24 months, respectively). It was caused by the fact that the registration based on a volumetric data was a new procedure for our radiation therapists, who were involved in the registration based on two-dimensional images.
Up to November 2010. the HT worked 5 hours per day and was operated by one shift of three radiation therapists. Since November 2010, the second shift (new three radiation therapists) was introduced to increase the treatment time up to 10 working hours per day. This change was detected in our analysis as a temporary increase in the time needed for the positioning, imaging and registration procedures ( Figure 2) . A relatively short period of this effect, counted from November 2010 up to end of February 2011 was caused by the fact that groups of radiation therapists were mixed, which shortened the learning process. Figure 4 shows the number of patients treated daily during the analysed period.
From February 2010 to the end of 2010, the number of treated patients was stabilized at the level of 20 patients per 5 working hours. Since 2011, when the second shift was introduced, the number of patients increased steadily up to The most consistent procedure, which was not dependent on the learning curve, was imaging. Immutability of protocols used during the imaging, minimised the dependence on technology, patients anatomy and operator decisions. A slight decrease in the time needed for imaging procedure was detected since May 2011 when the system was upgraded from version 3.5.1 to version 4.0.3. Following this upgrade, the speed of gantry rotation increased from 15 seconds to 12 seconds per rotation. The average time needed for imaging procedure was reduced by 30 seconds. Moreover, this upgrade influenced the time for the delivery of the therapeutic dose (irradiation) and, generally, the average of the OTT, which is shown in Figure 2 .
The irradiation time has the highest influence on the OTT. Generally, irradiation times strongly depend on the planning parameters used during treatment plan preparation. The primary assumption when the HT started to be used at the GPCC was that the quality of dose distribution was more important than the times needed for treatment execution. Therefore, in May 2009, the parameters used during plan preparation such as pitch and field width were fixed as default at 0.215 and 2.5 cm, respectively. In addition, many cases where the irradiation volume was relatively long in the C-C direction (more than 10 cm) were treated by 1 cm field width. Gaining experience allowed us to change parameters in order to reduce the time without losing the quality of dose distribution. There were three milestones in changing treatment plan parameters: (i) in November 2009 -default values of the pitch were changed from 0.215 to 0.287 for prostate cancer patients; (ii) in July 2010 -default values of the pitch were changed from 0.215 to 0.287 for head and neck cancer patients; (iii) in December 2010 -limitation was introduced for the usage of 1 cm field width only for complicated regions, lower than 10 cm. These changes are quantitatively illustrated in Figure 1 . The strategy of the usage of planned modulation factor was constant during the analysed period, assumed maximal reduction of the value of this factor without losing the quality of dose distribution. The influence on the OTT of the implemented changes can be seen in Figure 2 always as a decrease of the OTT. A slight increase of the OTT between March 2010 and July 2010 was caused by the fact that 0.215 pitch was still being used for head and neck cancer patients at the time, and the number of head and neck cancer patients began to outgrow the number of prostate cancer patients (Table I ).
Based on Figure 2 , it is difficult to extract quantitative data that described the effect of the implemented changes on the OTT. Therefore, two additional tables were added: (i) Table  II , which shows the averages of each component of the OTT, which were measured at three check points fixed in September of 2009, 2010 and 2011 and (ii) Table III , which presents the times of the irradiation component, divided by the group of patients and measured at the same check points as in Table II .
Conclusion
The HT at the GPCC is used for the most complicated cases with higher importance given to the quality of dose distribution than to the time needed for delivery. With accumulated experience, the treatment parameters were gradually changed in order to reduce the time without affecting the quality. The highest influence on the overall treatment time is exerted by the irradiation component (R 5 0.911). Strong influence was also observed for the registration and positioning (R 5 0.905 and R 5 0.839, respectively). The lowest influence was observed for the imaging (R 5 0.670). Our current practice shows that for a group of patients including mainly pelvis and head and neck cancers the HT treatment takes approximately 15 minutes, allowing 40 patients to be treated within 10 hours. 
